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Abstract 

We report the results of l aser-induced damage and nonlinear absorption measured for CdTe 
and other selected II- VI materials. These studies were conducted using pu l sed 1. 06 ~m radi ­
ation from a Nd : YAG l aser . The laser p u lsewidth was varied from approximately 40 psec to 
9 , 000 psec (9 nsec). The laset/~nduced breakdown irradiance measured for CdTe over this 
pulsewidth range scaled as tp- [ tp is the l aser pul sewidth (FWHM)] . Nonlinear p h toacous -
tic spectroscopy was used to monitor the nonlinear and linear absorption in the samples in 
which laser- induced damage t hresholds we re measured. 

Introduction 

The II- VI compounds and various singl e element semiconductors are used as window mater­
ials for continuous output lasers operating in the 10 . 6 ~m region . These materials are 
also used as t he hig h index of refraction component of multi l ayer diel ectric coatings for 
laser and other infrared optics applications . Whi le these materia l s h ave proved u seful for 
nonlaser infrared appl ications a n d for many con tinuous output laser applications, they are 
generally avoided in pulsed l aser systems . 

There are a variety of fundamenta l reasons to avoid the high index materials for pulsed 
laser applications . Th e high index means very high fresnel losses at interfaces and the 
fie l d enhancement associate1 with surface scratches and other defectsl , 2 is more pronounced . 
Bettis , Guenther, and Glass have argued that high index mater i a l s will have lower damage 
thresholds based upon local field considerations . F i na l ly , Wang ' s rule4 for nonlinear in­
dices of refraction , n2 , impl ies t hat a material with a l arge l inear index will also have a 
l arge n 2 , and thus the problems associated with self-focusing will be most pronounced for 
high index materials. 

Despite these problems there are a variety of pulsed laser applications which require t he 
u se of the II-VI compounds , e . g ., a system that has optics which are shared by l asers of 
different frequencies a nd different pulsewidths . An exampl e of such a system wou l d be a 
pu lsed Nd:YAG range finder used with a continuous out put co2 l aser . These material s are 
also of tnterest in int egrated optics and phase conjugation; two applications for which a 
large nonlinear i ndex of refraction is advantageous . I n any such app l ication it is impor­
tant to know t he operating limits set by laser-induced damage to the material s . 

I n this study we measured the pulsed l aser- induced surface damage threshol d o f CdTe , 
ZnSe, CdS and ZnTe at 1 . 06 ~m. The study emphasized CdTe because of its use as a pulse 
shaping deviceS in laser fusion systems and other applications and because it is a good 
"model system" for use in studying nonlinear absorption . The band gap in CdTe is 1 . 32 ev , 
which lies between 1 . 06 ~m and 0 . 53 ~m. The position of the b and gap in CdTe means that it 
is transparent to 1.06 ~m radiation but has a relatively large two-photon absorption coef ­
ficient. These experiments s how t hat absorption in CdTe is dominated by two- photon absorp­
tion at 1 . 06 Yi near the damage threshold. However , the surface damage thres hold irradiance 
scales as tp- 2 (tp is the laser pulsewidth ) which is characteristic of damage due to s ur­
face contam1nation . 

Experimental 

The l aser source for the psec studies was a passively mode - locked , mi croprocessor-con­
trol.led6 Nd:YAG laser system operating at 1 . 06 ~m. A single pulse of measured Gaussian spa­
tial and temporal intensity distribution was switch ed from the mode-locked train and ampli­
f ied . The t emporal pulsewidth was variabl e between 30 and 200 psec [full widths at half 
maximum (FWHM) ] by selecting various etalons as the output coupler . The width of each pulse 
was monitored b y measuring the ratio , R, of the square of the energy in the fundamental 
(1 . 06 ~m) to the energy in the second harmonic, produced in a Liro3 crystal. This radio is 
directly proport ional to the l aser pul sewidth as long as the spatial profile remains un­
changed . ? Th e ratio was calibrated by measuring the pulsewidth using type-! second-harmon­
ic a utocorrela t ion scans. The observed t hree-to-one signal to-background ratios indicated 
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clean mode l ocking.B To ensure that the ratio·, R, is proportional to the pulse width and 
provides a valid pulsewidth monitor, scans were performed for a ll output coupl e r e t alons. 

The laser beam was focused o n to the sample s urface with a s ingle element l ens o f "best 
form" des ign, i . e ., des igned for minimum spherical aberrations . The f ocal position (547 ± 
2 mm from the l ens mec hanical c enter) was determined by a series o f pinhol e scans as a 
fun c tion of dis t ance from the focusing l e n s . The radius of t he unfocused beam was 2.35 mm, 
r e sulting in an f/232 imaging system . The focal radius a t the l /e2 point o f the irradiance 
was 75 ± 3 ~m as d e termined by pinhol e scans. Figure 1 is a plot of the beam scan data 
and a Ga ussi a n bes t fit to the d a ta. Some of the data was taken with the sample at the 
foca l posit ion a nd some data was take n with the spe cimen 2 .70 e m b e hind the foca l point . 
The beam radius was calculated using Gaussian optics to be 1 39 ± 4 ~m at the position 
2 .70 em b e hind f ocus. The beam was not scanned at this position , however ; it was sca nned 
at 2 . 25 e m b e hind focus. The measured r a dius at this position was 1 22 ± 2 ~m , which is 
within 5% of the 116 ~m value predicted by Gauss ian optics . 

The beam irradiance was controlled by varying the voltage in the ampl ifier stage of the 
the - laser . Beam s cans were conducted at ~arious amplifier settings the reby verifying 
that the beam spatial profile was unchanged over the r a nge of amplifier settings used . The 
pulse energy into the specime n a nd transmitted through the specimen was monitored for each 
l aser shot . 

A piez oe l ectric t r a nsducer was moun ted on the samples u s ing pressure con tact . The 
transducer was used to monitor the acoustic signal generated in the sample by lin e ar and 
nonlinear absorption of light b1 the sample. The optoacoustic technique used in thi s exper­
iment is described elsewhere . 9, 0 The optoacoustic signa l a nd the transmiss ion of the 
samp le were monitored as the l aser ou tput was increased to a value which produced d a mage . 
In this exp erime nt damage was take n to be any perceptable c ha nge in the sample as viewed 
with a 20x micrus cope . 

A Q- swit ched Nd:YAG l aser operating a t 1.06 ~m was u sed to measure the damage thresho ld 
of the CdTe specimen . The pulsewidth for this device was 9 nsec (FWHM) as measured using a 
high speed Fh o todiode read by a one GHz b a ndwidth oscillos cope. The foca l radius of the 
Q- switche d beam at the sampl e surfa ce was 26 ~m as calculated using Gaussian optics and t h e 
meas ure d unfocused beam parameters. The laser system is more compl etely described e lse­
whe re.l2 

The CdTe , CdS and ZnTe samp l e s were s ing l e crys tals. The ZnSe specime n was pol ycrystal ­
line mate rial grown by c hemical vapor deposition by t he Raytheon Research Laboratories , 
Bedford , Mass . 

Results and Discussions 

The r esults of the psec s urface damage measurements are summarized in Tabl e I . The 
threshold values g iven are the irra dia nce l evel s , IB , which produce damage 50% of the time 
as d e t e rmined using the procedure desc ribed by Porteu s et a1 . 12 In all the psec measure­
ments the pulsewidt h of each shot was measured and t he Irradiance ca l cu l ated . Only shots 
within t he pulsewidth range s hown in Ta ble I were used in determining the damage thresho l ds . 

The las e r - induced damage observed in this work a lways occurred o n the front or entrance 
surface . The imaging l e n s for the psec measurements was u sed a t f /232 . This means 
tha't the depth of focus was very large and thus the beam radiu s was a pprox imately the same 
at the front a nd exit s urfaces . For this situation (neglecting a bsorpti on) the local e l ec­
tric fie l d of the light b eam at the rear s ur face is l arger than that at the front surface by 
a factor 2n/n+l whe r e n is the index o f refraction of the specime n . l 3 Thus, the exit sur­
f ace should f a il at irradiance l eve l s 4n2/(n+l) 2 l ower than t h e front s u rface . For CdTe 
this factor is approximately 2. 3 a nd thus the exit s urface s hould fai l at irradiance l e vels 
equa l t o approximately 0 . 43 times the front s ur face damage threshold . 

The fact that front s urface damage p receeds exit s urface damage in these experiments can 
be unders tood in terms o f the nonlinear absorption which pr eceeds damage in the ma t eria l s 
studied . F igure 2 i s a plot of the inverse of the tran s miss i o n as a f unctio n of i ncident 
irradiance for CdTe . The l aser pulsewidth for thi s data was approximate ly 40 psec . The 
points are actua l data a nd the solid line the theoretical pre diction based on two- pho t o n a b­
sorption .l7 The i n ter cept (zero intensity ) corresponds to the fresnel l osses a nd small 
l inear absor ption l osses. No t e that t he transmis s i on at ~soo MW/cm2 is down by a factor of 
5 or2. 5 times the loss due to fresnel refle ctions and l i near absorption. This means t ha t 
for inte nsities of 500 MW/cm2 a nd above , t he fie ld enhancement at the exit surface wi ll b e 
negated by the hig h n onlinear absorption . Note that the measured damage t h res ho ld for the 
front surface was 2 . 0 GW/cm2 for this pul sewidth and thus the nonlinear absorption reduced 
the flux a t the rear s u rface to a val ue b e low t he measure d front s u rface thresho l d . 
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Th2 plot in Fig. 2 shows that for relatively low intensities, i.e., below about 400 
MW/cm , the nonlinear absorption fits the theoretical prediction for two-photon absorption. 
The data starts to deviate significantly at higher intensities . One possible explanation 
is that free carrier absorption by the two phot on generated carriers becomes impor­
tant.l4,15,16 The presence of free ~arriers can further reduce the intensity at the rear 
surface by plasma defocusing . l7 , 18,1 

Nonlinear transmission and nonlinear optoacoustic measurements were made for all the ma­
t erials listed in Table I . Absorption in CdTe a nd ZnTe was dominated by two- photon absorp­
tion and absorption in CdS and ZnSe was dominated by three-photon absorption. The analysis 
of this nonlinear absorption data is not yet complete and will be published at a later date. 
While the a bsorption in these specimens was dominated by mul tiph oton processes, damage ap­
peared to b e due to linear absorption caused by surface defects and/or surface contamina­
ion as the following a nalysis shows . 

Surface Damage Threshold Irradiance (GW/cm2 ) 

Material Focal Radius (1/e 2 Point of the Irradia nce) 

139 jlm 75 jlm 26 jlm 

a) 1. 24 ± . 04 a) .82 ± 0 . 03 0.10 ± 0 . 01 

t p = 124 ± 10 ps t = p 
188 ± 15 ps t p = 9000 ± 500 ps 

CdTe b) 1. 1 8 ± . 06 b) 1. 96 ± 0 . 10 

t p = 108 ± 10 ps tp = 42 ± 3ps 

c) 2 . 06 ± .10 

t p = 45 ± 5 ps 

0.43 ± 0.03 
ZnTe 

t p = 46 ± 5 ps 

a ) 12 . 4 ± 0.9 

t = 41 ± 3 ps 
znse p 

b) 14.9 ± 1.5 

t p = 34 ± 3 ps 

20 . 0 ± 0 . 6 
CdS 

t p = 35 ± 3 ps 

Table I. Summary of 1. 06 11m Surface Da mage Threshold Data . The top number in 
2 each e ntry above is the damage t h reshold i rradiance in uni ts of GW/cm 

The data in Table I indicates that the surface damage threshold for CdTe with 40 psec 
pulses is independent of th2 focal radius to within t h e uncertainty of the meas ureme nt. 
Bettis, House , and Guenther 0 have used a variety of surface damage threshold data to 
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derive a sealing law which says that the surface damage threshold irradiance of dielectrics 
scales as ~1;w where w is the focal radius. However, their model is based on the spatial 
spreading of a laser-induced plasma and no plasma was observed in these experiments . Exami­
nation of the damage sites and the observed pulsewidth dependence both indicate that damage 
to these materials was thermal in origin and associated with surface defects or contamina­
tion. We att r ibute the l ack of spot size dependence to the fact that surfaces have a rela­
tively high density of defects which initiate the damage and thus the probability of finding 
a defect within the beam radius is essentially unity over the smallest spot size used (26 ~m 
radius). 

The CdTe data in Table I is plotted in Fig. 2. The solid line in Fig. 2 is a least 
squares fit of the data to a tp-1/2 dependence. Note that the fit to the data is very good 
over the entire 40 to 9000 psec range. The I 8 dependence on the laser pulsewidth tp can be 
understood in terms of a simple thermal failure model. Suppose that there is a thih absorb­
ing layer on the s urface and damage is initiated by raising the temperature of this layer to 
a value which results in melting or an irreversible phase change which changes the surface 
appearance. If such a l ayer has thickness o , less than the thermal diffusion depth, i.e. , 
o < vstQ where vs = velocity of sound in the material and tp is the laser pulsewidth , then 
heat is ~ost from the irradiated area during the laser pulse. The net result is that more 
energy is required to raise the surface temperature a given amount for relatively long 
pulses than for relatively short pulses. One dimensiona l heat transfer calculations (dif­
fusion along the -radius of these relatively ~arge spots can be ignored) indicate that the 
threshold energy density should scale as t 11 2 and the threshold irradiance s hould scale as 
t -1/2 p p • 

Sparks and Duthler21 have modeled thermal damage due to surface inclusions. Their solu­
tion to the heat transport equation for the case of a metallic inclusion for which the ab­
sorption skin depth is much less than the thermal diffusion depth predicts that l8 ~ tp-1/2 
Their model assumes that the skin depth is much less than the inclusion radius and treats 
absorption by spherical inclus ions the same as absorption by a plane- slab with a o-function 
source. Thus, this model should work equally well for absorption by a thin contamination 
l ayer (such as an oxide layer lO's to lOO's of angstroms thick). The fact that the t p-1/2 
dependence is seen for pulses as short as 42 psec indicates that the absorption which leads 
to damage occurs in a layer of thickness o ~ 2000 A thick. Such absorption coul d be due to 
metallic inclusion or a thin surface contamination layer. Experiments are planned to test 
this theory by measuring the pulsewidth dependence of chemically etched surfaces. 

A final observation regarding these measurements is that we observed a visible flash in 
the CdS and ZnSe sample prior to damage . This visible light was emitted in the forward di­
rection and was fairly well co ll imated. Spectral analysis of the emission from ZnSe re­
vealed that the light was monochromatic and the wavelength was within ±1 A (the limit of our 
spectrometer resolution) of frequency doubled 1.06 ~m, i.e. , 0.5320 ~m. The ZnSe sample was 
polycrystalline with random crystallite orientation and the observ~d second harmonic genera­
tion was angle insensitive through r e lat ively inefficient. The threshold for visual detec­
tion (viewed through 1.06 urn laser safety goggles) of the second harmonic from the znse was 
approximately 4 MW/cm2 • This is substantially below the intensity required to burn polaroid 
film. The relatively low thresho l d inte nsity for the generation of the second harmonic and 
the angle insensitivity make CVD ZnSe a re l atively cheap, easy to use frequency doubling ma­
terial where high efficiency is not needed and a practical device for tracking and monitor­
ing the presence of 1.06 urn beams. 

Summary 

The laser-induc ed surface damage threshold was measured for the front surface of CdTe at 
a variety of pulsewidths and focal spot radii at 1 . 06 ~m . The results indicate that the 
damage threshold irradiance is independent of the focal radius and scales as tp-l/2 . The 
observed surface damage in these II-VI materials appears to be caused by linear absorption 
by surface defects and/or surface contaminants . Two-photon absorption was determined the 
dominant absorption mechanism for CdTe and ZnTe and three-photon processes were dominent 
for ZnSe and CdS . The depletion of the beam due to these nonlinear absorption processes pre­
vented rear surface damage in all the specimens studied . 

Acknowledgements 

This work was supported by the Office of Naval Resea rch and a Fa culty Rese arch grant from 
North Texas State Unive rsity. The data on CdTe for 9 n s ec pulse s was t ake n a t the Naval 
Weapons Ce nte r, China La ke , CA. The authors acknowledge the help o f J . B. Franck in s e tting 
up a nd charac t er izing the l ase r use d f or thi s test and in assisti ng i n the measurements . We 
also acknowledge the s uppo r t of Dwight Maxon a nd H. J. Macke y f o r providing t he data acqui­
sit ion and mi c r o computer c o ntrol system used in this work and Ar thur L. Smirl for help in 
spectral emission measurements. 

2 18 I SPIE Vol. 297 Emerging Optical M aterials (1981) 



References 

1 . N. Bl oembergen , Appl. Opt. 12 , 661 (197 3) . 
2. P . A. Templ e and M. J. Soileau , NBS Spec . Publ. 462, 371 (1976) . 
3 . J. R. Bettis , A. Guenther , and A. Gl ass, NBS Spec. Publ . 414 , 214 (1974). 
4. C. c . Wang, Phys . Rev . B 2 , 2045 (1970). 
5. Robert Ozarski , Lawrence Live rmore National Laboratory , Private Commun ication , 1981. 
6 . Quante! Model YG-40, 928 Benecia Avenue, Sunnyva le, CA, 94086 
7 . W. H. GlP-nn and M. J. Brienza , Appl. Phys. Lett. 10, 221 (1967). 
8. D. J . Bradley and G. H. c . New , Proc. IEEE 62 , 313 (1974). 
9. E. w. van Stryland, M. A. Woodall , in t h e proceedings of the 1980 Conference on Laser­

Induced Damage to Optical Ma t erials, to be published by the National Bureau .of Stan­
dards, 1980. 

10. E. W. Van Stryland , M. A. Woodall , M. J. Soileau, and Willi ams E. Williams, to be pub-
lished . 

11. M. J. Soileau , Appl. Opt. 20 , 1030 (1 98 1) . 
12. J. 0. Porteus , NBS Spec . Publ . 509 , 507 (197 7). 
13. M. D. Crisp , N. L. Boling, and G. Buge, Appl . Phys . Lett . 21 , 364 (1972) . 
14 . J . H. Bechtel , W. L. Smith , Pyys. Rev . B 12 , 3515 (1976). 
15. F. Brynkner , V. S. Dneprovskii , v . s. Khattaton . Soviet J. Quant . Electron . ! 1 6 (12 -

74) . 
16. Michae l Bass , Eric w. Van Stryland, and A. F . Stewart, NBS Spec . Publ. 541 , 19 (1978) . 
17. R. H. Hellwarth, NBS Spec. Publ. 341 , 67 (1970). 
18. M. J . Soileau , Michael Bass , a nd P . H. Klein , NBS Spc . Publ. 568 , 497 (1979) . 
19. A. A. Barshch, M. s . Bro din , and N. N. Krupa , Sov . J . Quantum Electron. 7 (9) , 113 

(1 977 ). -
20. J. R. Bettis , R. A. House , II , and A. H. Guenther , NBS Spc . Publ . 462, 338 (1976). 
21. M. Sparks and c . J. Duthler , J. Appl . Phys. !!, 3038 (1973). 

SPIE Vol. 297 Emerging Optical Materials (1981) I 219 



1.0 

> 
1-
v; 
z ..... ,_ 
!!!: .5 
..... 
> 
;::: 

r ~ 
C>: 

I 

.. ·. 
125 100 75 50 25 0 25 50 125 

POSITION II' m) 

Fig. 1 Pinhole scan of the focused beam from the psec laser. The dots 
are the actual data points and the solid line is an ideal Gaussian 
of width 77 ~m. After correction for the finite size of the pin­
hole used to make this scan t he focused beam radius was determined 
to b e 75 ± 3 )lm. 
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Fig. 2 Nonlinear absorption in CdTe. Here 
the inverse of the transmission (the 
r a tio o f the input beam to the trans­
mitted beam) is plotted as a f unction 
of the input irradiance. The solid 
line is the theoretical curve for 
two-pho ton a bsorption neglecting two-

4 photon induced free hole a bsorptio n. 1 
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Front s u rface damage t hresho ld 
irradiance for CdTe v s . t -1/2. 
The irraq i a nce i s given iR GW/cm2 

and t -1/2 i s in uni ts of 10 5 
sec-192 . The solid line i s the 
l ease 

1
sguares fit of the data to 

a t -1 2 dependence (t is the 
las~r p ulsewidth , FWHMf. All the 
data was taken with Nd:YAG l aser 
operating at 1.06 )lm . 


